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Abstract

A description is given of the developoment of, and
results from, the hybrid laminar flow control (HLFC)
experiment conducted in the NASA Langley 8-ft Tran-
sonic Pressure Tunnel on a 7-ft chord, 23° swept
model. The methods/codes used to obtain the con-
tours of the HLFC model surface and to define the suc-
tion requirements are outlined followed by a discussion
of the model construction, suction system, instrumen-
tation and some example results from the wind tunnel
tests. Included in the latter are the effects of Mach
number, Reynolds number, suction level and the ex-

"tent of suction. The data show that, at or near the
design Mach number (M, =~ 0.81), large extents of
laminar flow can be achieved with suction mass flows
over the first 25%, or less, of the chord. Top surface
drag coefficients with suction extending from near the
leading edge to 20% of the chord were approximately
40% lower than those obtained with no suction. The
results indicate that HLFC can be designed for tran-
sonic speeds with lift and drag coeflicients approaching
those of LFC designs.

I. Introduction

A number of drag reduction research projects were
undertaken in the mid 1970’s as part of NASA’s Air-
craft Energy Efficient (ACEE) Progam!. Some were
expedited within NASA and others by industry. In-
cluded in the former were two experiments carried
out in the Langley Research Center’s 8-ft Transonic
Pressure Tunnel (8-ft TPT) pertaining to laminar flow
control (LFC). Both were performed with a 23 degree
swept airfoil model of 7 foot chord which spanned the
tunnel from floor to ceiling. A streamline liner was
installed on the walls of the contraction and test sec-

tion to provide flow about the model equivalent to that
about an infinite-span, yawed wing.

The first of the two LFC experiments conducted was
instigated by Dr. W. Pfenninger and employed both
slotted and perforated surfaces (not at the same time)
on the upper surface of the model?~!2, The second
LFC experiment, which is the subject of the present
paper, employed a perforated suction surface over the
first 25% of the top side of the airfoil and a solid sur-
face over the remaining 75%. An airfoil or wing with
partial chord suction such as this is usually referred
to as a hybrid laminar flow control (HLFC) concept.
Laminar flow is maintained initially by surface suction
(an adverse pressure gradient may also be used) while
downstream of the region of suction laminar flow is
maintained by a favorable pressure gradient. A slot-
ted suction surface was utilized on the lower or bottom
side of the airfoil model for both experiments.

Testing of the LFC airfoil with slotted upper and
lower surfaces began in the spring of 1981 but a num-
ber of substantial hardware problems delayed serious
research testing until late in 1983. The slotted LFC
tests were completed in the spring of 1985 and the
model dismantled and reassembled with a perforated
upper surface in the late summer of 1985. These tests
were completed in the fall of 1987 and the HLFC test
was conducted from the winter of 1987 until Septem-
ber of 1988.

The impetus for the transonic HLFC experiment
was the perception that HLFC concepts could provide
higher efficiency (laminar area achieved per unit mass
flow required and weight of the suction system) and
fewer installation problems than any near-full-chord or
full-chord transonic LFC concept. HLFC calculations
made in the mid-seventies at transonic speeds using
the STAYLAM stability and boundary layer codes!3
and the BGK airfoil code!* by the first author; exper-



iments by John Allen of McDonnell-Douglas Aircraft
Company around 1984 on a model with a perforated
leading edge; and the success of Dr. W. Pfenninger
and his associates in the late 1950’s in suction-assisted,
laminar-flow subsonic experiments in the NASA Ames
12-ft Pressure, University of Michigan 5 x 7-ft and
Norair 7 x 10-ft Wind Tunnels!®~!¢ all added convic-
tion to the perception. In addition, simulated hybrid
experiments were conducted on the slotted and per-
forated LFC models at.transonic speeds in the 1984-
1987 time period. These simulated hybrid experiments
demonstrated the ability of a suction surface to main-
tain laminar flow well beyond the point where suction
was terminated at transonic speeds. This was accom-
plished despite the fact that the pressure distribution
beyond the suction cut-off point was adverse and the
slots or holes (perforated surface) were not sealed and
smoothed.

The HLFC model utilized in the present tests em-
ployed the same lower surface, slotted-suction pan-
els and forward (0 to 25% chord) upper-surface,
petforated-suction panel as for the LFC tests. How-
ever, new solid middle and aft upper surface panels
were constructed with contours designed to achieve a
favorable pressure gradient from approximately 20%
to 60% of the chord at a Mach number of 0.811. The
chord and sweep were maintained at approximately 7
feet and 23 degrees, respectively, and the suction sys-
tern, instrumentation, and wind tunnel liner remained
essentially as they were for the LFC experiment.

In the present paper, the methods/codes used to de-
velop the contour of the HLFC upper surface will be
briefly outlined followed by a discussion of the airfoil
model, suction system, instrumentation, and some ex-
ample results from the wind tunnel tests. The last
section will contain some concluding remarks.

Nomenclature

Symbols

a local speed of sound

s  speed of sound in free stream

¢ airfoil chord

cd scction drag cocflicient, = d}'—:f:%;‘f

cqs suction drag coefficient

caw  wake drag (total of skin friction, shock and
form drags)

c lift coeflicient, = “;‘wfgr,:c

Cp  pressure cocflicient, = ”—;ﬁm

Cq  coeflicient of suction, = ﬁ—;‘j’i

M local Mach number uy/a

Mo free stream Mach number, = %:1

P pressure

Apr =pi— P

oo free stream dynamic pressure, = pooUozo/2
R Reynolds number based on boundary layer
edge conditions and displacement thickness
in transformed planc (sec References 19 and
21)
Re Reynolds number based on chord, = L‘ﬁ"“;‘l; c
u,v,w velocity components in z,y and z directions
u RMS value of z component of fluctuating
velocity
U free stream velocity
z distance measured in streamwise direction
Y,z cartesian coordinates normal to z; z also
used to indicate distance along
wake and boundary-layer rakes
@ angle of attack
A sweep angle
p density
Abbreviations
ACEE NASA's Aircraft Energy Efficient Program
HLFC hybrid laminar flow control
LaRC NASA Langley Research Center
LFC laminar flow control
NF. leading edge normal flow
NLF natural laminar flow
SF. spanwise flow
8-t TPT NASA Langley 8-ft Transonic Pressure
Tunnel
Subscripts
inst instantaneous value
n normal to the leading edge
S suction component
Suc extent of suction _
t total or stagnation pressure conditions
tot total value, suction plus wake drag
TR and trans value at transition
free stream condition or in free stream
direction
w wake component of drag
e edge of boundary layer
S sonic value
s value for upper surface
Is value for lower surface
bl quantity based on boundary-layer-

rake measurements

I1. Design of HLFC Upper-Surface Contour

Precursor Studies

As noted in the Introduction, a number of separate

calculations and experiments provided data indicating



that a transonic hybrid-laminar-flow-control (HLFC)
concept might be much more efficient than an LFC
one in terms of the extent of laminar flow obtained
for a given amount of suction mass flow. Paramet-
ric analytical studies were carried out using various
boundary-layer-stability codes and the results fed into
an analysis by Goradia who provided final geometry
and suction requirements for the HLFC upper surface.

During the time that the analytical parametric stud-
ies were being carried out tests were conducted using
the LFC slotted- and perforated-surface models simu-
lating HLFC concepts. These tests showed that sub-
stantial runs of laminar flow could be achieved beyond
the point where suction was terminated even though
the pressure distributions obtained on these models
were not well-suited to HLI'C.

Constraints and Goals

The determination of the final geometry and pres-
sure distribution for the upper surface of the HLFC
airfoil was carried out with the following constraints:

¢ The upper forward perforated suction-panel of the
perforated-surface LFC model had to be used (sce
References 9-11).

"The geometry of the new solid mid and aft upper-
surface panels had to fair smoothly into the exist-
ing forward upper-surface panel and the trailing
edge flaps.

Laminar flow was desired back to 60% of the
chord.

The supersonic bubble aspect ratio must be
smaller than that on the LFC model.

Utilization of the existing wind-tunnel-wall con-
toured liner was required.

Flow scparation should remain beyond z/c¢ >
0.95¢.

The model chord was to remain at 7.07-{t.
The sweep of the model was to remain at 23 deg.

Suction was to be utilized on the lower surface
back to 84% of the chord for all tests in order to
maintain attached flow to the maximum extent
possible.

No attempt was made to design for a specific value
of ¢; although the value that evolved, 0.48, was very
close to the design ¢; for the LFC airfoil. Design Mach
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number was reduced slightly from 0.82 to 0.81 and the
Reynolds number of the design point was chosen as 15
x10° based on the streamwise chord. A much more
ambitious design would have been attempted had the
above constraints not existed.

Analytical Methods

The methods used for the final design of the upper
surface contour of the HLFC model are documented in

a number of papers. Specific methods and their uses
are listed below:

¢ Airfoil Top-Surface Contour Determination

— Perturbation mecthod of characteristics for
inverse design at transonic speeds [17].

— Bauer-Garabedian-Korn program for tran-
sonic analysis [14]. ‘

— NASA-Lockheed multi-component airfoil
program for subsonic analysis [18].

¢ Detailed Boundary Layer Analysis, Stability Cal-
culations and Separation

— Integral compressible laminar boundary
layer with sweep, suction, and chordwise
and spanwise pressure gradients at subsonic,
transonic, and supersonic Mach numbers [19,

20, and 21].
Short bubble and reattachment criteria [22].

Instability and transition prediction due to
Normal Flow (N.F.) and Spanwise Flow
(S.F.) including the effects of spanwise pres-
sure gradients [20].

Separating turbulent boundary layer method
for subsonic and transonic speed [23]. This
method was extended to handle infinitely
swept wings for the HLFC design.

e Drag Computations

— Methods for computing cq,, and cq,, for in-
finitely swept wings and bodies of revolution
at Mach numbers from subsonic through su-
personic [21].

The governing boundary layer equations (see e.g.
Reference 19) are solved in a transformed plane (Stew-
artson transformation). Velocity and temperature
profiles are derived for the leading-edge-normal (N.F.)
and spanwise flow (S.F.) directions in the transformed
plane using an integral-equation approach. These



same profiles are then used in an “extended” Orr-
Somerfeld stability analysis in the transformed planc
to determine the point of instability and transition.
The “extension” of the incompressible Orr-Somerfeld
stability equation was accomplished through the use of
dimensional analysis and the laws of dynamic similar-
ity. ‘Iransition is determined with the aid of the em-
pirically based curve for Riran — Rinss V8. U‘: where
Riran and Rinse are determined in the transformed
plane. Transition locations in the physical plane due
to N.F. and S.F. instabilities are obtained with the aid
of inverse-transformation boundary-layer parameters.

In order to check the ability of the system of codes
just listed to predict N.F. and S.F. transition, a num-
ber of validation calculations were carried out and doc-
umented for configurations where data already existed.
They include:

¢ Boltz’s variable sweep wing with NACA 64,A015
section [24]

Phoenix wing [25]
o NASA-LaRC LFC wing [9-11]

e F-14 laminar wing glove [20]
for subsonic and transonic speeds and the
¢ AEDC cone [27-28]

for transonic and supersonic speeds.

A number of calculations for configurations where
only supersonic data is available were made and pre-
sented in Reference 29. Since the HLFC tests were
only run at subsonic and transonic speeds, the valida-
tions using the data for the LFC wing in the 8-ft TP
and the F-14 laminar wing glove in flight are particu-
larly significant.

HLFC Airfoil Contour and Pressure Distribution

The airfoil shape and pressure distribution finally
determined, subject to the constraints previously de-
scribed, are given in Figures 1 and 2. Figure 1a shows
a comparison of the actual shapes of the HLFC and
LFC airfoils; Figure 1b shows the same comparison
but with the ordinate amplified by a factor of 5 to
better show the differences. A lower suction peak rel-
ative to that for the LFC airfoil was utilized to reduce
the size of the supersonic bubble and permit a favor-
able pressure gradient to about 55% chord (Figure 2).
This was accomplished not only by the contour mod-
ification but by reducing the design angle of attack

and Mach number (from 0.82 to 0.811). In addition
a trailing edge flap deflection of 4.7° was required to
achieve the desired pressure level and distribution.

The 2-D supersonic bubble associated with the de-
sign HLFC pressure distribution is shown in Figure 3
along with the two and three-dimensional bubbles for
the LFC airfoil. Clearly, the supersonic bubble for the
HLFC upper surface is much smaller in extent than
that for the LFC. Also shown on the figure are the
boundaries of the corner fillets for the streamline liner
in the test section.

Normal-flow and spanwise-flow transition calcula-
tions carried out for the HLFC upper surface using
the methods of Reference 19 are depicted in Figure 4.
Generally, the neutral points are between z/c = 0 and
0.1 for the range of Reynolds numbers indicated. For
Reynolds numbers up to 16 x 106 the N.F. instability
causes transition to occur at z/c = 0.57; beyond this
Reynolds number the S.F. instability dominates caus-
ing transition to move steadily forward as Reynolds
number increases. Turbulent separation is predicted
to occur at z/c = 0.95 (curve at top of Figure 4) for
the range of Reynolds numbers shown.

Upper-Surface Suction Requirements

The predicted suction mass-flow requirements for
the design point correspond to a Cg of approximately
- 0.3 x 1073 over the first 25% of the chord at R, =
15 x 108, As expected, this is a higher level than that
required for the LFC concepts where suction extends
over most of the chord. The suction coefficient as a
function of Reynolds numbers is shown in Figure 5
(Reference 19).

Upper-Surface Drag

Calculated suction- and wake-drag coefficients for
the upper surface of the HLFC model versus free
stream Reynolds number are plotted in Figure 6. It
is evident from this figure that the suction-drag co-
efficient decreases with increasing Reynolds number
and is less than one drag count (< 0.0001) over the
Reynolds number range plotted. The wake drag coef-
ficient on the other hand ranges from 0.0028 to 0.0038,
the latter value occurring at a Reynolds number of
30 x 108, The predicted suction drag is clearly a small
fraction of the total drag.

III. Model, Wind, Tunnel, Suction System, and
Instrumentation

Detailed discussions of the LFC model construction,
the wind tunnel and the modifications made to it to



improve the uniformity and quality of the flow over the
model, the various types and locations of the instru-
mentation, and the system used for boundary layer
suction through the model surface are given in Refer-
ences 4 through 11. Only a brief review of these items
will be given here.

HILFC Model

The model used for the HLFC tests was the same
in most respects as that used for the tests of the
LFC perforated-surface model. The primary differ-
ences were occasioned by the replacement of the mid-
dle and aft upper-surface porous panels by solid pan-
els with the gcometry shown in Figure 1 and a few
suction system modifications. The bottom surface of
the HLFC model was comprised of the same slotted-
suction panels as the LFC model. Figure 7 illus-
trates the panel arrangement used in the HLFC model.
The forward, upper-surface, perforated panel extended
from the leading edge to 25.7% of the chord and the
two solid upper-surface pancls extended from 25.7% to
58.6% and 58.6% to 89.1% of the chord. The trailing
edge flaps made up the remaining 10.9% of the chord.

Coustruction features of the perforated (also re-
ferred to as porous) and slotted surfaces can be seen in
the sketches of Figure 8. The perforated panel has an
aluminum substructure which forms the walls of the
main ducts (sec Figure 8a). Plenum ducts are made
of fiberglass, graphite, and carbon fiber cloth as indi-
cated in Figure 8b. As evident in Figure 10a every
other plenum duct is inactive and contain no metering
holes. The surface itself is made of titanium with elec-
tron beam drilled holes which were nominally 0.0026
inches in diameter at the outer suction-flow surface
and slightly larger on the outflow or bottom-side sur-
face. The titanium material was 0.025 inches thick and
the hole spacing was also 0.025 inches. The surface of
the material was smooth to the touch and expected to
be aerodynamically smooth in the regions where the
pressure difference across the surface was zero. A de-
tailed discussion of the design and construction of the
perforated panels can be found in Reference 5.

The slotted suction panels were much more rugged
in construction than the perforated ones (see Figure
8¢). 'The substructure was machined out of a solid
aluminum billet and the aluminum surface bonded to
it. Slots were subsequently cut with jewelers circular
saw blades. Slot widths ranged from 0.002 to 0.0063
inches with the smaller widths near the leading edge.

Wind Tunnel

‘The HLFC (as well as the LFC) tests were carricd
out in the Langley Rescarch Center 8-foot Transonic

Pressure Tunnel (8-ft TPT) which has a Mach number
capability from approximately 0.2 to 1.3 (without the
required contoured liner) and can be pumped down
or pressurized to run at sub-atmospheric or above at-
mospheric pressurcs. At the design Mach number,
Reynolds number could be varied from 9 x 10% to
24 x 10° based on the chord of the model (7.07 ft).

Prior to the start of the LFC tests the 8-ft TPT was
modified by the installation of 5 screens and a honey-
comb in the plenum just upstream of the contraction
and test section (sce Figure 9a). These devices were
aimed at improving the flow quality in the test sec-
tion and thus achieve transition locations on the model
more like those obtainable in free air. References 3 and
4 describe these modifications in considerable detail.

Another substantial modification to the tunnel was
the installation of a streamline liner starting in the
contraction, continuing through the test section, and
terminating in the high speed diffuser. It was designed
to provide the same flow about the LFC model in the
wind tunnel as that about an infinite-span, 23° swept
wing of constant chord in free air. Since the wing was
swept and lifting, the liner on all four walls was dif-
ferent. Figure 9a gives a sketch of the contraction and
test section of the 8-ft TPT showing the screens, hon-
cycomb, and liner. Also shown in the sketch is the
sonic throat or choke which was an integral part of
the liner. This choke was effective in reducing the up-
stream propagation of acoustic disturbances providing
a further improvement in the test section flow quality
(see Reference 11). A photograph of the model in-
stalled in the test section is provided in Figure 9b.
One of the chokes can be seen on the wall to the left
and downstream of the model. Reference 6 describes
in detail the design of the streamline liner.

Suction System

Certainly the most complicated of the HLFC test
cquipment was the suction system. The main compo-
nents are shown schematically in Figure 10. Figure
10a shows the installation of the suction nozzles in the
end of the model nearest the floor. Separate suction
nozzles are provided for the turbulent zone adjacent to
the wall since this region is separated by a bulkhead
from the laminar region (see Figure 10a). The bulk-
head provides a barrier for the noise emanating from
the turbulent boundary layer on the airfoil surface in
the turbulent zone from propagating through the holes
and ducts into the laminar ducts in the mid-span re-
gion of the model. In addition, the suction levels in
the turbulent zones at each end of the model are con-
siderably higher (see Reference 4) than in the laminar
regions on the top and bottom surface. Figure 10b
is provided to show the flow on the surface and the



turbulent zones at each end of the model emanating
from the junctures of the airfoil model with the liner.
A similar flow situation exists on both the top and
bottom surfaces.

Prior to the HLFC tests additional suction nozzles
were installed in the forward, upper-surface perforated
panel so that each duct had a suction nozzle at both
ends. (In the earlier LFC tests a number of ducts had
only one nozzle.) Also the suction hoses which
connected the suction nozzles to the suction control
boxes (discussed later) were enlarged. Finally two
additional vacuum pumps with much higher pressure
ratios than those used in the earlier LFC experiment
were installed to provide suction for the forward upper

surface panel. _ .
The suction control system is shown in the sketch

of Figure 10c. Hoses from the suction nozzles at both
ends of the airfoil are connected to one of five airflow
control boxes. Each nozzle fitting has its own valve
internal to the control box for adjusting the mass flow
in that hose. All control boxes were equipped with
sound suppressing material and screens to reduce the
sound and vorticity levels and thus minimize the levels
of the disturbances propagated upstream to the airfoil.

Each control box is connected to a common man-
ifold through a controllable sonic nozzle. As in the
case of the flow quality treatinent of the control boxes
the sonic nozzles are intended to minimize or pre-
vent acoustic disturbances from the collector manifold
and suction compressors from propagating upstream.
The collector manifold and the 10,000-cfm compres-
sors (4.5:1 compression ratio) can readily be seen in
Figure 10c. Flow from the downstream end of the
10,000-cfm pumps is returned to the tunnel through
the trailing edge of hollow turning vanes at the end of
the high speed diffuser. Not shown in the sketch of
Figure 10c are the two Stokes pumps, with a compres-
sion ratio of approximately 7:1, which were added to
provide suction to the top forward panel of the model,
particularly in those ducts nearest the leading edge
where the lowest surface pressures (in the area where
suction was applied) were encountered.

Additional details of the suction system can be
found in References 4 and 11.

Instrumentation

The number of static pressure gages/orifices asso-
ciated with the airfoil, liner, suction nozzles, ducts,
and wake rake are listed in Figure 11 (from Reference
11). Also given are the number of thin-film and acous-
tic gages that were utilized. The pressure orifices on
the airfoil were used to obtain longitudinal pressure
distributions at a number of spanwise stations on the
upper and lower surfaces of the airfoil. Wake rake

pressure measuretnents were used to obtain the airfoil
wake drag. Pressure measurements in the ducts were
used to control the suction mass flow level and dis-
tribution through the ducts and surface of the airfoil.
I'inally static pressures were measured on the liner to
determine whether the supersonic bubbles above and
below the airfoil surface extend to the liner, whether
the flow was uniform across the tunnel at the end of
the contraction, and to determine the freestream Mach
number ahead of the airfoil.

Figure 12 shows the location of the pressure orifices
as well as the acoustic and thin film gages on the up-
per surface of the model. The lower surface was sim-
ilarly equipped. Dynamic instrumentation (acoustic
and thin-film gages) was used to determine the dis-
turbance levels in the ducts and on the model surface
or, in the case of the thin films, whether the flow was
laminar, transitional, or turbulent. A more detailed
discussion of the data reduction system as well as the
wall-liner and wake-rake pressure instrumentation is
given in References 4, 9, and 11.

IV, HLFC Test Results

The quantities that could be varied in the HLFC
experiment included Mach number, Reynolds number,
suction level and suction extent. A discussion will be
given in the following sections of the effect of vary-
ing these quantities facilitated primarily by pressure-
distribution, transition-location, and drag data plots.

Mach Number Effects

Three different types of pressure distributions were
obtained on the upper surface of HLFC airfoil as
Mach number was increased from 0.80 to 0.826 and
are termed for convenience of ‘discussion Type 1, 2
and 3 distributions. As seen in Figure 13, the clos-
est agreement between the design pressure distribu-
tion and experimental data was at Mach numbers in
the vicinity of 0.82 (Type 2). At this Mach number
the adverse gradient following the suction peak near
the leading edge is much steeper and occurs over more
of the chord than that of the design pressure distribu-
tion. The chordwise extent of the favorable pressure
gradient obtained experimentally is less than design
but the gradient itself is larger. The pressure recov-
ery beyond an z/c of 0.55 is in good agreement with
theory as are the pressure distributions on the bottom
side pressures. Even better agreement of the bottom
side pressures is obtained as Reynolds number is re-
duced from the 15 x 10° value applicable to Figure
13.

Mach numbers in the vicinity of 0.8 (Type 1) provide
more positive pressure coefficients than design on both



the top and bottom surfaces (see Figure 13). Pressure
coefficients at a Mach number of 0.826 (Type 3) on
the other hand are more negative (higher suction pres-
sures) than the design values over most of the top and
bottom surfaces. In addition a favorable gradient was
obtained on the top surface beyond the point where
the pressure recovery was designed to start. Most of
the discussion in this paper will be concentrated on
results obtained with Types 2 and 3 pressure distribu-
tions. ’ '

The extent of laminar flow obtained on the upper
~ surface of the model for the three Mach numbers of
Figure 13, and with suction to 25% of the chord, is
shown in Figure 14. The longest run of laminar flow
was obtained at the highest Mach number near the
bottom of the airfoil while the most uniform span-
wise distribution of laminar flow across the span was
obtained at the lowest Mach number. These results
(Figure 14) generally reflect the extent of the favor-
able pressure gradient on the top surface of the IILFC
model.

Velocity profiles obtained from the boundary layer
rake, attached to the top surface near the model cen-
terline at 95% of the chord, for the same Mach num-
bers listed on Figure 13 are plotted in Figure 15. The
character of the curves indicate that the flow is at-
tached at this chordwise location at all three Mach
numbers. lHowever, there is an indication from the
wake rake total-pressure-difference profiles of Figure
16 that at a Mach number of 0.826 flow separation is
occurring aft of 0.95¢.

Drag coefficients (cq4,51), based on the boundary layer
velocity profiles obtained at 0.95c, are tabulated on
the right side of Figure 15. Obviously these drag coef-
ficients are lower than those for the entire upper sur-
face. With the aid of the wake rake profiles of Figure
16, total upper surface wake-drag cocfficients have also
been estimated and tabulated on Figure 15.

As noted earlicr, the total-head pressure-diflerence
Ap(= pt — p1,,) wake profile normalized by the free
stream dynamic pressure is plotted in Figure 16. Neg-
ligible differences are seen in the top surface total-head
defect between the curves for M = 0.805 and 0.822
while there is a small difference for the bottom surface
{z < 3.0 in). Much larger diffcrences are seen between
the curves for the lower two Mach numbers and that
for M = 0.826, particularly on the bottom where flow
separation in the aft cove has occurred at M = 0.820.
This phenomena can also be inferred from the wake
drag coeflicients tabulated on the figure and from the
bottom surface pressures given in Figure 13.

Top surface and total drag coeflicients, as well as
transition locations, as a function of Mach number for
a Reynolds number of 10 x 106 are given in Figure 17.
At the low Mach numbers the top surface contributes

about two thirds of the wake drag while at Mach num-
bers greater than 0.8 it is down in the 50 to 60%
range. Top surface wake-drag levels range from 0.0017
al My = 0.4 to 0.0025 at M., = 0.81. Transition
moves forward as Mach number is increased from 0.4
and remains at about 60% of the chord for M > 0.6
until a Mach number of approximately 0.822 is ex-
ceeded. At this condition the pressure changes from
Type 2 to Type 3 and transition moves rapidly to 90%
of the chord. While there is a decrease of 5 or 6 drag
counts at this Reynolds number when the pressure dis-
tribution changes from Type 2 to Type 3, more of a
difference might have been expected based simply on
transition location.

Reynolds Number Effects

Reynolds number (£.) was varied from approxi-
mately 9x 10° to 24 x 10 for the three types of pressure
distribution illustrated in Figure 13.

Type 1 and 2 transition locations are very little af-
fected by Reynolds number changes while those for
Type 3 vary significantly (see Figure 18). Over the
Reynolds number range of Figure 18, i.e., 9 x 10° to
24 x 108, transition for Type 3 pressures (M = 0.826)
moved from 90% chord forward to 50% chord.

Drag coefficients obtained from the boundary layer
rake located at z/c = 0.95 are plotted in Figure 19
for the same range of Reynolds nurhber as Figure 18.
The trends shown on this figure are not entirely con-
sistent with the transition data (Figure 18) and this is
due to the combined effects of flow separation and the
movement of transition. Minimum drag levels occur
near R, = 15 x 10% which is the design Reynolds num-
ber. Flow separation is seen to have the most effect for
Reynolds numbers beyond 17 x 106 and a Mach num-
ber of 0.826. Incrcasing drag levels between Reynolds
numbers of 22 and 24 x 108 are due primarily to the
forward movement of transition. It must be remem-
bered that as the Reynolds number is increased in the
wind tunnel at a constant Mach number the distur-
bance level in the wind tunnel also increases.

Extent-of-Suction Effects

The extent of suction on the upper surface was var-
ied from zero to 25% of the chord by adjusting indi-
vidual duct pressures to the same values as the local
surface pressure and thus inhibiting flow through the
surface. Figure 20 shows the Type 2 pressure distribu-
tions which result from four different extents of suction
from 5 to 25% of the chord. Full suction back to 85%
of the chord on the lower surface was maintained for
all conditions. The Reynolds and Mach numbers of
these data are 15 x 10° and 0.82, respectively. Note



that the pressure distributions change very little with
the extent of suction; there is, however, an increase
in pressure cocflicient over the middle portion of the
lower surface as the extent of suction is increased. It
can also be seen that the flow is separated in the rear
cove on the bottom surface in all cases. All four top-
surface pressure distributions have the same shape and
indicate the possibility of a shock induced separation
bubble beyond z/c = 0.65. In addition, the flow ap-
pears to separate near the trailing edge at z/c = 0.95.

Boundary layer velocity profiles at z/e = 0.95 for
the four suction-extent cases of Figure 20 are plotted
in Figure 21. It is evident (rom this figure that the
boundary layer at this location becomes thicker and
the drag increases as the extent of suction is reduced.
Wake-rake profiles, Figure 22, indicate the same trend
with the most pronounced changes on the top side.
These changes are caused by the forward movement of
transition as shown in Figure 23. Note from this fig-
ure that suction applied to the last duct near the 25%
chord location had little effect on the extent of lami-
nar flow achieved. The additional suction was siinply
insufficient to move the transition point any further
into the adverse pressure region beyond z/c = 0.60.

The variation of the various drag components with
the extent of suction is given in Figure 24. Also plotted
in Figure 24 is the variation of the lift coefficient with
the extent of suction. The most important curve on
this figure is that for the estimated top-side drag co-
efficient (cd4,w,us). With no suction, the top-side drag
coefficient is about 40 counts (c4,w,us = 0.0040) while,
with suction applied back to 21% of the chord, the
drag coeflicient is 23 counts. Note from Figure 6 that
the predicted wake drag coefficient for the top surface
with suction to 26% of the chord was 27 counts.

Level-of-Suction Effects

Decreasing the level of suction from its nominal
value at a Reynolds number of 15 x 10% and a Mach
number of approximately 0.82 ('I'ype 2 pressure dis-
tribution) hag an effect similar to that of decreasing
the extent of suction,  Suction level wag reduced in
two ways, onc by the uniforin reduction of suction on
all the ducts and the other by closing down individ-
ual ducts in the most uniform manner possible. Drag
levels for the latter type of suction mass-flow reduc-
tion as a function of the percent of the normal suction
level were about the same as for uniform suction re-
ductions. Figure 27 compares cq 31 and ¢4, for both
methods of reducing suction. Also shown are the esti-
mated c4,u,us values for the uniform suction reduction
tests. It is clear from the figure that for equal amounts
of suction (cq,s us) similar drag values are provided by
the top surface, and the entire airfoil, for both suction-

reduction approaches. Finally, a suction level of 100%
reduces upper surface wake drag relative to that for
zero suction by about 40%.

It should be noted that the increments in wake
drag coefficient due to the bottom surface, Cdw,ls =
€d,w—Cd w,us, varies from about 30 to 40 counts. These
levels are high, even though there is substantial suc-
tion on the lower surface, due to the fact that the flow
in the aft cove of the bottom surface is separated. At
a Reynolds number of 9 x 10% (M, ~ 0.82), whereé the
flow is attached in the aft cove region, bottom side
wake drag coefficients are on the order of 0.0020.

Comparison of IILFC with LFC Results

It was noted in the Introduction that the HLFC
experiment followed the LFC experiment in the 8-ft
TPT. Indeed, most of the same equipment and air-
foil model used in the LFC tests were employed in
the HLFC experiment. The primary modification, as
noted earlier, was the replacement of the middle two
panels of the upper surface of the LFC model with
solid panels having a slightly different contour. The
first 25.7% of the upper surface was the perforated
panel employed in the LFC experiment; the lower sur-
face was comprised of the slotted panels used in the
LFC experiment (see Figure 7). Results of the re-
scarch on the slotted LFC model are documented in
References 9 and 11.

A comparison of the transition locations, based on
the most forward location in the test region, for the
ITILFC and slotted LFC models are given in Figure
26. The LFC model is seen to have laminar flow over
necar 100% of the chord at 10 million chord Reynolds
number and this decreases to about 61% of the chord
for Re. = 15 x 10% and beyond. The HLFC model on
the other hand had laminar flow back to about 59%
of the chord over the Reynolds number range plotted.
Drag-coefficient data for the same conditions shows a
similartrend. At low Reynolds numbers, the LFC drag
coefficient is much lower (about half) than that for the
HLFC while beyond a Reynolds number of 15 x 10°

the two are comparable,

V. Couclusions

The following conclusions refer to the calculations
and data for the top surface of the HLFC model. The
bottom surface of the HLFC was the same as for the
slotted LFC model and was not a variable in the ex-
periment. It should be recognized however that the
flow over the bottom surface did influence that over
the top, and vice versa, particularly when there was
flow separation near the trailing edge of either surface.
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1 Large extents of laminar flow were achieved with
small total suction mass flows.

2 Pressure distributions appropriate to HLFC con-
cepts were achieved.

3 Top surface drag coefficients with suction extend-
ing from near the leading edge to 20% of the chord
were about 40% lower than those obtained with
no suction. :

4 While laminar flow was achieved back to 90% of
the chord in sonie cases the associated drags were
not as low as expected duc to flow separation near
the trailing edge.

5 Reducing the extent of suction to less than twenty
percent of the chord caused a rapid forward move-
ment of transition and increase in drag.

6 Decreasing the level of suction below eighty per-
cent of the nominal level caused a rapid increasc
in drag.

7 Drag coeflicients for the Type 1 and 2 pressure
distributions were less affected by Reynolds num-
ber changes than those for Type 3.

8 The extent of laminar flow decreased and drag
coeflicients increased as Mach nuinber increased
except when the Mach number was increased from
0.82 to 0.825 where there was an abrupt increase
in the extent of laminar flow.

9 Transition locations and drag coefficients for the
HLEC surface beyond a chord Reynolds number
of 15 x 10% were comparable to those obtained for
the LFC model with full chord suction.

10 On the basis of the present tests it appears that
HLFC aitfoils and wings can be designed for tran-
sonic speeds with lift and drag coefficients ap-
proaching those of LFC designs.
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Figure 1. Geometries of HLFC and LFC airfoils.
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Figure 2. Comparison of the design pressure distributions
for the HLFC and LFC models. A = 23°.
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Figure 3. Comparison of streamwise supersonic bubble
shapes for HLFC and LFC airfoils at their design condi-

tions.
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Figure 4. C-F and N-F stability calculations as well as
prediction of location of turbulent separation for top sur-

face of HLFC airfoil. M. = 0.811, ¢ = 0.483, and

A =23°,
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Figure 5. Theoretical Cq requirements for HLFC model
as a function of chord Reynolds number with suction ex-
tending from z/c = 0.025 to 0.25. M, = 0.811, ¢ =
0.483.

Upper surface
Mg =0.811,Cl=0.483

006~ Suction: x/c =0.025 10 0.25
005~ 00010
0041 00008
Sdw,us 003 < 00006 Cdsus
002~ 00004
001} 00002
1 1 1 1 1 1 [l [l 1 ]

%% 12 14 16 18 20 22 24 26 28 20
Rex 106
Figure 6. Wake-drag and equivalent-suction-drag pre-
dictions for the HLFC model as a function of chord
Reynolds number. Suction extends from z/c = 0.025
to z/c = 0.25. Mo, = 0.811, ¢; = 0.483, and A =23°.
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Figure 7. Location and chordwise extent of panels com-
prising surface of HLFC model.
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(b) Photograph of model installed in 8-ft TPT.

Figure 9. Sketch and photograph showing the special
features of the test set up in the 8-ft TPT for LFC and
HLFC testing.
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(c) Construction features of slotted panels showing slot-
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Figu_re 8. Construction features of perforated and slotted (a) Sketch of end of model nearest the test section floor
suction surfaces. showing the suction nozzles installed in the turbulent
zone and laminar test regions.

Figure 10. Suction system for the HLFC and LFC exper-
iments.
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(b) Sketch of model showing geometry of the turbulent
wedges or zones at the ends of the model as well as the
laminar “test” zone.
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Figure 10. Concluded.

26 50
acoustic thin films 1010
gages liner orifices

300
surface orifices Wake rake
\ 47 stagnation
pressures
6 static probes

e

131 individually controlled
suction ducts

157 suction nozzles

157 duct static pressures
157 nozzle Ap's
33 duct temperatures

Figure 11. Sketch indicating type and number of sensors
used in LFC and HLFC tests.

Turbulent
zone

Laminar
test
region

Surface static pressure orifice (184)
O Surface thin-film gauge (26)
X Acoustic gauge (14)

Tunnel ceiling

./ Flow

Turbulent
zone

Flap hi lin
phinge fine Tunnel floor

Figure 12. Sketch of LFC and HLFC model with location
of pressure orifices, surface thin-film gauges and acoustic
gauges. Upper surface.
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Figure 13. Three types of pressure distribution obtained on HLFC model. R, = 15 x 106,

a = 0.028°.
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Figure 14. Transition boundaries for the three types of
pressure distribution shown in Figure 31. R, = 15 x 108,
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Figure 15. Boundal‘); layer velocity distributions at the
95% chord location for the three types of pressure distri-
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-7
-6
5 Type Mgy Cd,w
1 0.805 0.0052
e 1 - 2  0.822 0.0057
h -— 3 0826 0.0080
9 -3

| S W IO I |
01 2 3 4 5 6 7
r4

, In.

Figure 16. Wake total-head-defect profiles for the three
types of pressure distribution shown in Figure 31. R, =
15 x 108,
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Figure 17. Mach number variations of top-surface
drag, airfoil wake drag, and transition

locations for the HLFC model at R, = 10 x 10°.
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Figure 18. Variation of transition location with Reynolds
number for the three types of pressure distribution shown
in Figure 13.
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Figure 19. Variation of ¢4 with chord Reynolds number
for the three types of pressure distribution.

08 )
T A Pogil s,

-0.4 a y 9' Q'ﬂlnmo

. % —

ik e

(a') ($/C),uc = 0.25.
-08 _

o ol %,

o T

(d) (z/¢)suc = 0.05.

(C) (I/C),uc = 0.12.

Figure 20. Type 2 pressure distributions for four chord-
wise extents of suction. Mo, = 0.82, R, = 15 x 108.
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Figure 21. Boundary layer velocity profiles and top-

surface drag coefficients for four chordwise extents of suc-
tion. M, = 0.82, R, =15 x 10°.
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Figure 22. Total head-defect wake profiles and wake drag

for four chordwise extents of suction. Mo, = 0.82, R. =
15 x 108,
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Figure 23. Transition location as a function of the chord-
wise extent of suction. M., = 0.82, R. =15 x 106.
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a function of the chordwise extent of suction. My, =
0.82, R. =15 x 108,
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